A broad spectrum absorption photocatalytic system has been expected for a long time, especially for catalysts where the absorption mainly concentrates on the ultraviolet region, like TiO 2 . Here, dye sensitization was used to realize this expectation for TiO 2 . Anatase TiO 2 was prepared by a hydrothermal method and then modified with Cu nanoparticles (NPs) by chemical reduction reaction. The highest H 2 production rate was 3.33 mmol g À1 h À1 for Cu(3%)-TiO 2 (content of Cu NPs was 3 wt%) and for pure TiO 2 was only 0.356 mmol g À1 h
Introduction
Enhancement of photocatalytic H 2 production research from water reduction has attracted a lot of attention due to environmental pollution and increasing concerns about the global energy crisis. Numerous photocatalysts have been used for the H 2 production from water including TiO 2 , g-C 3 N 4 , BiPO 4 etc.
1-14
TiO 2 nanorods have many signicant advantages originating from nano-scaled length and large specic surface area which are benecial to improve photocatalytic activity. 15 However, electron-hole recombination rate would be increased in nanosized photocatalysts due to the conned space in nanorods. 16 Incorporation of metals nanoparticles (NPs) as a co-catalyst is an effective method to improve photocatalytic activity. [17] [18] [19] [20] It is reported that copper NPs have drawn much attention because they can enhance the photocatalytic activity by preventing photoexcited electron-hole recombination and surface plasmon resonance (SPR) effect of Cu NPs.
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During past years, dye sensitization had been an effective method to convert long wavelength light to energy for photocatalyst in photocatalytic reaction. [26] [27] [28] [29] [30] Sensitizer molecule is excited and the state of triplet is formed under irradiation.
28
Electrons are released from the state of triplet to the conduction band of semiconductor and then take part in photocatalytic reaction. Qin et al. reported that photocatalytic hydrogen production of Ag/g-C 3 N 4 was improved by dye sensitization.
31
Moreover, Wang et al. gave an enhancement of H 2 production about carbon nitride nanosheets by ErB (molecular structure is shown in Fig. S1 †) sensitization and the highest H 2 production rate was 652.5 mmol h À1 which was 13.7 times of not sensitization. 29 Therefore, dye sensitization is proved to be suitable for photocatalysis.
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Based on our researches, 24, 25, 31, 32 Cu-TiO 2 nanocomposites were prepared and the photocatalytic activity of H 2 production was investigated. Then Cu-TiO 2 nanocomposites sensitized by photoexcited ErB and their H 2 production rate was also researched at same condition. Furthermore, photocatalytic hydrogen production was investigated for Cu-TiO 2 and sensitized Cu-TiO 2 system under different wavelength monochromatic light irradiation. Persistent photocatalytic activities of Cu-TiO 2 and dye-sensitized Cu-TiO 2 were studied with several recycles and a possible photocatalytic mechanism was preliminarily discussed.
Tetrabutyl titanate (Ti(OC 4 H 9 ) 4 ), copper nitrate trihydrate (Cu(NO 3 ) 2 $3H 2 O AR), ethanol (AN, analytical grade) and HF were purchased from Sinopharm Chemical Reagent Co. Ltd., P. R. China. Sodium borohydride (NaBH 4 ), triethanolamine and Erythrosin B (ErB) were purchased from Aladdin Chemistry Co. Ltd.
Synthesis of TiO 2 nanorods
Anatase TiO 2 nanorods were prepared by hydrothermal method.
14 10 mL of hydrouoric acid solution (40 wt%) was added into 75 mL of Ti(OC 4 H 9 ) 4 under stirring at room temperature for 30 min and the light yellow solution was obtained. The solution was transferred into a Teon-lined autoclave with a 150 mL capacity, heated to and kept at 180 C for 20 h. Aer hydrothermal reaction, the obtained white precipitate was harvested by centrifugation at 10 000 rpm for 20 min and washed with ethanol and deionized water for 3 times, respectively. The residues were dried in vacuum drying oven at 50 C for 3 h, and subsequently ground into ne powders using an agate mortar.
Preparation of Cu NPs modied TiO 2 nanorods
The Cu-TiO 2 nanocomposites were synthesized by chemical reduction method. Typically, 10 mg TiO 2 nanorods were dispersed into deionized water under vigorous stirring, and 1-6.0 mL of 50 mM Cu(NO 3 ) 2 solutions was added into the TiO 2 nanorods suspensions. The suspension was equilibrated for 60 min, and then 2-12 mL fresh prepared 50 mM NaBH 4 solution was added and stirred for another 60 min in ice bath. The obtained Cu-TiO 2 nanorods were harvested by centrifugation at 10 000 rpm for 20 min and washed with ethanol and deionized water for 3 times. The whole processes were carried out under nitrogen protection. The residues were dried at 50 C under condition of vacuum for 4 h, and subsequently ground into ne powders using an agate mortar. The reduction mechanism is shown in eqn (1). (1)
Material characterization
X-ray diffraction (XRD) patterns were recorded on a D8 X-ray diffractometer (Bruker AXS, German). The UV-Vis diffuse reection absorption spectra (UV-Vis/DR spectra) were recorded by a UV-Vis spectrometer (U3010, Hitachi, Japan) equipped with an integrating sphere accessory in the diffuse reectance mode (R), and referenced by BaSO 4 . The Brunauer-Emmett-Teller (BET) specic surface area of samples were evaluated on the basis of nitrogen adsorption isotherms measured at 77 K using a 3H-2000PS1 static volume method instrument. 
Photocatalytic hydrogen production
Photocatalytic experiments were performed in a 300 mL ask, using a 300 W Xe lamp to simulated sunlight without any wavelength lter. The intensity of light source was estimated to be 0.15 W cm À2 . 5 mg of catalyst was dispersed into a solution mixture of 70 mL water containing 10 vol% triethanolamine by ultrasonication for 20 min. Triethanolamine was used as sacricial reagent. The reaction ask was kept at about 25 C by a cooling water jacket. Hydrogen gas production was measured by gas chromatography with a thermal conductivity detector (GC-7900, Tian mei, nitrogen as a carrier gas with a 5 A molecular sieve column). Then, Cu(3%)-TiO 2 was chosen for dye sensitization experiments. 5 mg Cu(3%)-TiO 2 and various amount (1, 3, 5, 10, 15 mg) of ErB were dispersed into 70 mL solution containing 10 vol% triethanolamine under stirring for 40 min to form a homogenous solution. Sensitization experiments are also performed under sunlight. Hydrogen gas production was measured as above. 650, 600, 550 and 500 nm wavelength band pass lters were installed on xenon lamp for monochromatic light photocatalytic experiment and other experimental conditions remain unchanged. Bandwidth of band pass lters were 650 AE 10, 600 AE 10, 550 AE 10 and 500 AE 10 nm. The Cu-TiO 2 /ErB samples were obtained through centrifugation of reaction solution at 10 000 rpm for 20 min when they were characterized.
Photoelectrochemical measurements
Electrochemical measurements were conducted with electrochemical analyzer (CHI660C Instruments, Shanghai, China) in a conventional three electrode cell, using a Pt plate as counter electrode and an Ag/AgCl electrode (3 M KCl) as reference electrode. The electrolyte was 0.1 M Na 2 SO 4 aqueous solution without additive. The working electrode was prepared on indium-tin oxide (ITO) glass that was cleaned by sonication in ethanol for 30 min and dried at 323 K. The boundary of ITO glass was protected using Scotch tape. 5 mg sample was dispersed in 1 mL of DMF by sonication to get a slurry mixture. The slurry was spread onto pretreated ITO glass. Aer vacuumdrying, the working electrode was further dried at 353 K for 2 h to improve adhesion. Then, the Scotch tape was unstuck, and the uncoated part of the electrode was isolated with epoxy resin. Sunlight was used in photocurrent response.
Adsorption amount of ErB on Cu(3%)-TiO 2
Adsorption amounts of ErB on Cu(3%)-TiO 2 were determined in a similar method as described in ref. 3. Results and discussions
Formation and characterization
The XRD patterns of the prepared Cu-TiO 2 composites and the pure TiO 2 nanorods are shown in Fig. 1 Fig. 1 that the crystalline form of anatase has not been changed by modication with Cu NPs. For Cu-TiO 2 composites, the XRD patterns reveal a coexistence of TiO 2 and Cu NPs. Fig. 2a shows UV-Vis diffuse reectance spectra of pure TiO 2 nanorods and Cu-TiO 2 composites. The absorption band edge at 392 nm is attributed to the band gap transition of TiO 2 nanorods. 34, 35 For Cu NPs-loaded photocatalysts, a great increase is observed in the absorption at wavelength longer than 400 nm, which can be attributed to SPR peak of plasmonic Cu NPs. 36 The broadening of the SPR peak can be explained as follows. Firstly, aggregation of Cu NPs can broaden the SPR peak. If metal NPs are aggregated, neighboring NPs induce a destructive interference of the plasmon resonance and broaden the absorption peak. 37 Secondly, NPs attach to other particles, showing broader plasmon peaks than isolated NPs.
38
Cu NPs are not dispersed in the solution but are loaded on TiO 2 nanorods, thereby leading to a broadening of the plasmon peak. 
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Due to the broadening of the SPR peak, a large portion of visible light spectrum can be utilized for the photocatalytic H 2 production of the Cu-TiO 2 . The absorption intensity increases gradually with increase of plasmonic Cu NPs, suggesting that modication with more Cu NPs (under wt 5%) on the surface could enhance visible light capture due to principle of superposition about Cu NPs. It can also illustrate that Cu particles which are loaded on surface of TiO 2 are nanoparticles, because nubbly Cu don't possess SPR effect. The band gaps of TiO 2 and Cu-TiO 2 were estimated from the Tauc plot and the results are shown in Fig. S2 . † Photo-luminescence (PL) spectroscopy has been widely used to examine the charge separation and migration in photocatalysts. 39 As shown in Fig. 2b , the PL emission intensity exhibits the highest value for pure TiO 2 and decrease with loading Cu NPs on the surface of TiO 2 . This indicates that recombination of photogenerated charge carriers is inhibited in the photocatalysts due to charge transfer at the interfaces, with driving force originated from the co-catalyst of Cu NPs.
40
Although PL emission intensity decreases with presence of Cu NPs, content of 3% is the optimal deposition amount to suppress recombination because its PL intensity is the smallest indicating the most efficient charge separation. As content of Cu NPs increases to certain degree, Cu NPs aggregate on the surface of TiO 2 and become recombination centers to decrease suppression.
41
Laser Raman spectra of pure TiO 2 and Cu-TiO 2 composites are shown in Fig. 2c . Three Raman bands of composites which appear at 640, 518.3 and 395.8 cm À1 in Fig. 2c are assigned to anatase TiO 2 (ref. 42) and no band for Cu NPs because it is not responsive in Raman spectra. 42 Compared with pure TiO 2 , the stepwise enhanced three bands indicate existence of surfaceenhanced Raman scattering (SERS) effect of Cu NPs with appropriate shape and size. As we all know, one important factor which arises SERS signal enhancement is charge transfer between the molecular and metal because of excitations.
43 So this result could also demonstrate that an interaction exists between Cu and TiO 2 molecules to facilitate charge transfer. It is important to note that Cu(5%)-TiO 2 which has the strongest peak doesn't mean the best charge transfer, because SERS signal enhancement induces mainly from two mechanisms: [44] [45] [46] (1) excitations in the metal NPs lead to enhance local electromagnetic elds, and (2) resonance enhancements due to charge transfer between metal NPs and molecule because of excitations. So this result and PL spectra aren't contradictory.
The microstructure of Cu(3%)-TiO 2 was investigated by TEM. The low-magnication TEM image (Fig. 3a) shows the rod morphology of as-synthesized composites, demonstrating the nanorods of anatase TiO 2 were obtained. From the highresolution TEM (HRTEM) image of Cu(3%)-TiO 2 (Fig. 3b) , two phases of Cu and TiO 2 are clearly observed and closely contact to form an intimate interface. The interlayer distance of 0.35 nm corresponds well with (101) plane of TiO 2 while 0.21 nm is consistent with the lattice fringe about (111) plane of Cu. From energy-dispersive X-ray spectroscopy (EDX) spectrum (Fig. 3c ) and elemental mapping pattern (Fig. 3d) , we can see the existence of Ti, O, Cu. These observations suggest the formation of Cu-TiO 2 composite and an excellent photocatalytic performance should be expected. In addition, the dark-eld of TEM image (Fig. 3e) reveals that Cu NPs are well dispersed on the TiO 2 nanorods surface with a mean particle size of 5.9 nm and size distribution of Cu NPs is shown in Fig. 3f . Particle size of Cu NPs is found to be 3-10 nm, showing that the synthesis method used in our work is effective for the preparation of Cu NPs with homogeneous particle size distribution.
XPS spectral were carried out to determine the chemical composition of Cu(3%)-TiO 2 and the results are shown in Fig. 4 . The binding energies which obtained in the XPS analysis were corrected by referencing C 1s to 284.8 eV with specimen charging. Fig. 4a indicates the presence of Ti, O and Cu in the composite. High-resolution XPS spectra of Ti 2p (Fig. 4b) at 458.4 and 464.0 eV are attributed to Ti 2p 3/2 and 2p 1/2 . 47 The curve tting of O 1s spectra (Fig. 4c) basically indicates two components center at 529.7 and 531.5 eV in Cu(3%)-TiO 2 hybrid which are attributed to lattice oxygen and hydroxyl radicals.
48 Fig. 4d shows the characteristic peaks of the Cu 2p at 932.6 and 952.8 eV which are attributed to the binding energy of Cu 2p 3/2 and Cu 2p 1/2 , respectively. Peaks are assigned to Cu 2 O or Cu (Cu 1+ or Cu 0 ) due to absence of satellite structure (Fig. 4d) .
However, it is difficult to differentiate Cu 2 O and Cu by the XPS feature of Cu 2p 3/2 and Cu 2p 1/2 because their binding energies are very close. According to previous reports, 49, 50 Cu LMM peak region provides a clear means to distinguish the two oxidation states: the main LMM peaks of kinetic energy for Cu 0 and Cu 2 O are located at 921 eV and 918 eV, respectively. Fig. 4e shows that the Cu LMM peak of the sample occurs at 921.1 eV. It indicates that composites contain Cu, which can also be proved by XRD patterns. Surface element composition of Cu(3%)-TiO 2 determined by XPS and it is shown in Table S1 . † Elemental concentration is consistent with theoretical calculation. Table 1 summarizes surface properties of different Cu-loaded TiO 2 systems. The theoretical and experimental (determined by EDX and ICP-AES) Cu content is similar in all prepared Cu-TiO 2 nanocomposites. The content determined by EDX is relative lower than ICP-AES and this phenomenon could be attributed to the difference of two detection methods. EDX is surface analysis and ICP-AES is bulk analysis. The BET specic surface area (S BET ) and pore structure of the as-prepared samples were investigated using adsorption-desorption measurements and results are shown in Table 1 . It can be seen that Cu(3%)-TiO 2 shows the highest S BET among the six samples and this phenomenon can be explained as follows. Cu NPs are smaller than TiO 2 nanorods when content of Cu is tiny and these Cu NPs load on the surface of TiO 2 resulting in surface area increase. As content of Cu increases gradually, Cu NPs could aggregate into bigger nanoparticles which have opposite effect. Larger surface area of the nanocomposites can supply more surface active sites and make charge carrier transport easier, resulting in an enhancement of the photocatalytic hydrogen production. 51 In the meantime, the average pore diameters of the samples were analyzed from the Barrett-Joyner-Halenda (BJH) pore size distribution. A hysteresis loop type of plot (Fig. S3 †) is usually associated with the lling and emptying of the mesoporous pores by capillary condensation and this hysteresis illustrates the distribution of a bottleneck in the pore structure. 52 These mesoporous pores permit a quick dispersion of a variety of reactants and products through the photocatalytic reaction to improve the photocatalytic activity. 53 As shown in Table 1 , average pore diameter and pore volume have a slight decrease because Cu NPs load inside the pore. Summarily, the results discussed above indicate that the nanocomposites of Cu-TiO 2 are successfully prepared by a simple hydrothermal process followed by chemical reduction method.
Photocatalytic hydrogen production
The actual photocatalytic activities for hydrogen production of nanocomposites have been evaluated in aqueous solution with triethanolamine used as sacricial reagent under solar light irradiation. Control experiments were carried out and no appreciable H 2 production was detected in the absence of photocatalyst or irradiation, indicating that H 2 was produced on a photocatalyst with irradiation. As shown in Fig. 5a , average H 2 production rates of all the composites are higher than pure TiO 2 nanorods, which denotes that the modication with Cu NPs could improve photocatalytic ability of TiO 2 . Photocatalytic activity increases stepwise from Cu(1%)-TiO 2 , Cu(2%)-TiO 2 and then the highest value (3.33 mmol g À1 h À1 ) for Cu(3%)-TiO 2 .
Compared with Cu(3%)-TiO 2 , Cu(4%)-TiO 2 and Cu(5%)-TiO 2 show slow decrease with further increase of Cu NPs content. This result implies that suitable mass ratio of Cu NPs could form an efficient interface between two components, and thus increase photocatalytic reaction rate. On the contrary, unsuitable mass ratio would make an agglomerating state, thus reducing photocatalytic ability. [54] [55] [56] [57] When Cu loading content exceeds 3%, Cu NPs will aggregate on the surface of TiO 2 and become recombination centers of electron-hole. 44 TEM imagine of Cu loading content at 4% was investigated and agglomerating state was observed in Fig. S4 . † Repeatability of Cu(3%)-TiO 2 was tested in six consecutive runs of accumulatively 24 h under the same conditions and the result is shown in Fig. S5 . † Crystal structure and surface property of Cu(3%)-TiO 2 before and aer repeatability test are characterized by XRD patterns (Fig. S6a †) , XPS ( Fig. S6b-d †) spectra and surface element composition (Table S2 †) . Moreover, photocatalytic ability comparison was performed between PtTiO 2 and Cu-TiO 2 and the results are shown in Fig. S7 . † In the dye sensitization experiments, Erythrosin B (ErB) was selected to sensitize Cu(3%)-TiO 2 due to its absorption of light with long wavelength. As shown in Fig. 5b , the highest H 2 production rate is obtained (13.4 mmol g À1 h
À1
) when 3 mg ErB is added in solution. However, with amount of ErB increases further, the H 2 production rates decrease indicating superuous ErB have an opposite effect on photocatalytic activity due to adsorption of ErB on catalyst. Adsorption of ErB on catalyst was investigated and the results are shown in Table S3 . † When adsorption of ErB reaches saturation, some incident light is absorbed by superuous ErB molecules in the suspension but could not involve in the charge transfer to catalyst. Superuous ErB makes light utility efficiency decrease which results in reducing the photocatalytic activity. 28 In addition, the repeatability of Cu(3%)-TiO 2 with 3 mg ErB (marked as Cu(3%)-TiO 2 /ErB-3 mg) was tested in six consecutive runs of accumulatively 24 h under the same conditions (Fig. 5c ). Aer six recycling tests, decrease of H 2 production occurs upon repeatability use, implying that it exhibits slow attenuation. This phenomenon is mainly attributed to the photobleaching of ErB and consumption of TEOA as electron donors. Fortunately, this attenuation is very slow and still keeps 75% H 2 production rate aer 24 h. Cu(3%)-TiO 2 /ErB-3 mg was characterized by FTIR (Fig. S8a †) , XPS (Fig. S8b †) spectra and surface element composition (Table S4 †) before and aer recycling tests. There are no obvious changes in locations of the peaks or elemental concentration, suggesting that it has considerable photostability. Furthermore, apparent quantum efficiency of photocatalysts was supplied and the results are shown in Table S5 . † Wavelength-dependent H 2 production was investigated with different wavelength monochromatic light. No H 2 was detected for sample Cu(3%)-TiO 2 owing to its little response when wavelength longer than 500 nm (Fig. 6a) . For sample Cu(3%)-TiO 2 /ErB-3 mg, H 2 production trend (Fig. 6b) matches well with the absorption spectral (Fig. 6a) , indicating that the H 2 production is primarily driven by light-excitation electrons in ErB when wavelength longer than 500 nm. This result could also prove that ErB sensitization is efficient for Cu(3%)-TiO 2 and can extend the light harvesting ability (to 600 nm) efficiently. In order to further improve research, TiO 2 and Cu NPs photocatalytic H 2 production were investigate with ErB sensitization under sunlight irradiation and the results are shown in Fig. S9 . † In order to further improve the experiment, a comparison with other systems was investigated. Firstly, uorescein dye was used as sensitizer for Cu-TiO 2 and comparison of hydrogen production are shown in Fig. S10 . † Hydrogen production of ErB system is slight higher than uorescein system due to their different structures. Secondly, hydrogen production of Au-TiO 2 and Ag-TiO 2 were also investigated with the sensitizer ErB and results are shown in Fig. S11 . † Rate of hydrogen production order is Au > Ag z Cu.
Mechanism
A possible mechanism of H 2 production over ErB sensitized CuTiO 2 photocatalyst is proposed and illustrated in Fig. 7 . Before this, we should illustrate that the conduction band (CB) and valence band (VB) edge potentials of TiO 2 are at À0.27 eV and 2.89 eV, 8 respectively. Meanwhile, the LUMO and HOMO potentials of ErB are about À0.9 and 1.4 eV vs. NHE. 27 Therefore, the charge transfer is thermodynamically favourable from the photoinduced ErB dye to TiO 2 , and then to Cu NPs for H 2 production. In aqueous solution with presence of ErB, ErB molecule is excited and the state of triplet 3 *ErB is formed under irradiation. 28 Electrons are released from 3 *ErB to the CB of TiO 2 and then to the Cu nanoparticles which results in reducing the bonded H + , leading to H 2 production. Due to the collective oscillations of the surface electrons, 58 SPR effect of Cu NPs will happen which can enhance the rapid capture and steady transportation of photo-generated electrons, making them react with H + for H 2 production more easily. 31, 59 In addition, a Schottky barrier is created on Cu nanoparticles by accumulation of electrons that could prevent recombination of photo-generated electrons and holes. Meanwhile, the 3 *ErB becomes oxidized ErB + and then it is reduced back to ErB by sacricial reagent triethanolamine. The photocatalytic activities of catalysts for hydrogen production are mainly inuenced by the effective separation and transportation of electron-hole pairs. 25, 31 In order to illustrate it, additional evidences for above analysis results are provided. Fig. 8a shows the photocurrent-time curves of samples with ve on-off intermittent solar light irradiation cycles. Apparently, the photocurrent value rapidly decreases to zero as soon as light is turned off, and then increases and remains constant when light is turned on again, exhibiting good repeatability. The photoelectrode of Cu(3%)-TiO 2 /ErB-3 mg shows the highest value than others and this indicates the smallest recombination and most efficient carrier separation at the interface of Cu(3%)-TiO 2 /ErB-3 mg. More efficient carrier separation is benecial to photocatalytic hydrogen production. In addition, composites were evaluated by electrochemical impedance spectra (EIS) and an evidently decreased EIS radius (Fig. 8b) is revealed for catalysts. This suggests reduced electronic impedance, improved charge separation and enhancement of photocatalytic ability. Actually, all of the electrochemical experiments illustrate that the efficient carrier separation of the TiO 2 loaded with Cu and then sensitized by ErB are enhanced stepwise. In order to conrm ErB dye molecules contact with Cu(3%)-TiO 2 which dominates photocatalytic H 2 production, FTIR, XRD, UV-Vis and photo-luminescence (PL) spectra were investigated and the results are shown in Fig. S12 . † Moreover, the morphology comparison of Cu(3%)-TiO 2 and Cu(3%)-TiO 2 / ErB-3 mg were researched by TEM and the images are shown in Fig. S13 . † Elemental mapping pattern of Cu(3%)-TiO 2 /ErB-3 mg is shown in Fig. S14 † and it shows the same conclusion with EDX in Fig. S13 . †
Conclusions
In summary, a novel photocatalyst of Erythrosin B sensitized Cu-TiO 2 nanocomposites were designed, synthesized and characterized. The photocatalytic H 2 production activity was enhanced signicantly aer loading with Cu NPs and then sensitization by Erythrosin B. In addition, photocatalytic hydrogen production of Cu(3%)-TiO 2 and Cu(3%)-TiO 2 /ErB-3 mg were evaluated under different wavelength (500, 550, 600 and 650 nm) monochromatic light irradiation. Only Cu(3%)-TiO 2 /ErB-3 mg has photocatalytic activity which can be attributed to the charge transfer from the photo-excited ErB dye to TiO 2 . In addition to achieve the highest activity of Cu-TiO 2 and dye-sensitized Cu-TiO 2 photocatalysts, we demonstrated that Cu-TiO 2 and dye-sensitized Cu-TiO 2 have sustained activity aer six recycling tests. Moreover, the photocatalytic mechanism was preliminarily discussed. This work may be signicant to provide an approach to develop a dye sensitization strategy to improve photocatalytic activity.
